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Introductjion

Composite films containing ferroelectric ceramic inclusions in the matrix
of suitable polymers may possess high dielectric constants with good
electrical breakdown strength and enhanced piezo- and pyroelectric
coefficients. Such composite materials will have commercial applications
as high energy storage capacitor and piezo- and pyro-electric sensors
including medical uses. It has been our objective to prepare and study
the electro-active properties of such composite films with suitable
ceramics such as lead zirconate titanate (PZT) embedded in the matrix of
polymers such as polyvinylidene fluoride (PVDF), copolymers of vinylidene
fluoride and trifluorethylene (VDF-TrFE). The following is an account of
the work performed in our laboratories. There have been six publications
with the results of this work and copies of these (reference item 4 - 8

and 15) are included in this report.

2. Sample Preparation

Several types of Polymer/ceramic composites have been prepared by mixing
PZT powder with an average grain size of 20um with different polymers
using a rolling mill operated at 433k. The composite hides were then
pressed in a temperature-controlled hydraulic press to thickness in the
range 10u - 800um. The use of high quality chromium plates for pressing
allowed the production of films with a good surface structure. Samples
were then thoroughly cleaned with isopropyl alcohol in an ultrasonic bath
to remove surface contaminants and thus improve repeatability of data
obtained with dielectric and electrical measurements. The following five
different types of composites have been prepared with different volume

fractions of the two phases.
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Table 1:

Materials

Designation

(1)
(ii)
(iii)
(iv)
(v)

PZTS/PVDF (50:50 Vol%)
PZT8/PVDF (50:50 Vol%)
P2TS/VDF - TrFE (50.50 Vol%)
PZT8/VDF - TrFE (50:50 Vol%)
BaTioa/PVDF (40: 60 Vol%)

Composite A
Composite B
Composite C
Composite D
Composite E

PZT and Ba'l'io3 powder with an average grain size of 20um were purchased
from Unilator Technical Ceramics of Ruabon U.K. Pellets of PVDF (solef
1008} and VDF-TrFe (Solef 11010) were kindly supplied by Laporte

Industries of Lutcn, U.K. Electroactive properties of four composite

films,

together with those of Piezel (see Appendix for specification),

commercially available composite of PZT/VDF-TrrZ, manufactured by the

Daikin Industry Limited of Japan have been studied in the present work.

These studies includz (i) dielectric properties in the frequency range

10*Hz to 10°%kHz (ii) absorption and desorption currents up to 10° seconds

after application and removal of poling voltages up to 107vm”~

temperature range of 293 - 378K,

! in the

(iii) thermally stimulated dischaige

current (TSDC} and (iv) the pyroelectric behaviour in the temperature
range of 293 - 378K.

3. Experimental

Aluminium electrodes of area 2cm x 2cm were vacuum deposited on both sides

of each composite film.

The samples were then thermally treated in an

evacuated measurement chamber at a pressure of 107% torr at 373K with

their electrodes shorted for at least 12 hours before any dielectric and

electrical measurements were made.

The dielectric dispersion measurements were made using a General Radio

Bridge (type 1621) or with a system comprising of a Solartron f{requency

response analyser and BBC microcomputers which have been recently developed

in our laboratories.
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The absorption current and TSDC measurements were made in a stainless
steel vacuum chamber (<10-6 torr). Temperature was controlled to within
0.25K using a Eurotherm controller. A high voltage was applied to samples
from a Brandenburg photomultiplier supply and the currents were measured
with a Keithley (model 616) digital electrometer suitably interfaced to a
microcomputer which stored data, performed transformations on line and

plotted curves.

The pyroelectric currents were measured using a direct method [1] by
applving a linear heating rate of zprroxinately 1°c per minute to the
samples which have been poled appropriately. The pyro- electric current
responses were also studied by a dynamic method (2,3]) by exposing the

samples to a well-focussed radiation from a tungsten filament lamp.

4. Results & Discussion

Although six different types of composites (Composites A - E and

Piezel) have been studied in this work, the most interesting

composites are possibly samples A, B, C, D and Piezel. PZT 5 materials
(composite A and C) are donor doped with niobium, compensation being
achieved by electrons or cation vacancies. These defects lead to higher
domain wall mobility and greater dielectric losses. The electro-active
properties of composite A and C were observed to be similar and to avoid

duplication this report will include only the results obtained with the
Composite C.

PZT 8 materials (composite B and D) are acceptor doped with iron which
results in oxygen vacancies to compensate for the charge deficiency. It
is believed that these vacancies associate with the domain walls within
the grains, thus effectively pinning them. Thus reduction of mobility is
the cause for the lower dielectric losses in PZT 8. Once again the
electro-active properties of the composites B and D were observed to be
similar and the report will not include the results obtained with the
composite D. The electro-active behaviour of the remaining composite E

(BaTiOa/PVDF) appears to be less attractive in comparison with PZT based
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composites (prepared in our laboratories) as may be observed from the

attached publication {reference 15].

4.1 Dielectric Behaviour

Figure 1 shows the behaviour of the real and imaginary parts (c1 and
e'') of the complex dielectric constants [5] of the composite samples
B (PZT8/PVDF) and C (P2TS/VDF - TrFE) and Piczel in the frequency
range of 10 Hz to lOSHz. It may be observed that in the high
frequency region the values of ¢! are about the same for all three
composites. However, at low frequencies the ¢! values are
significantly different. According to Yamada et al [9] the

permittivity £, for a composite system is given by

€ =¢c [ 1+ M4 (82 - Cl) ] (1)
! ne, + (e_ - ¢ ) (1 -q)
1 2 1

where n is a parameter attributed to the shape of the ellipsoidal
ceramic particles, g the volume fraction of the ceramic particles, €,
the permittivity of the continuous polymer (host) phase and €, the
permittivity of the ellipsoidal ceramic particles. Taking the value
of £ (PVDF) = 11, e, = 1240 (PZT) and the value of n chosen as 8 to
fit equation 2, the calculated values of the relative permittivity €,
at 1 kHz are 20 for 10% vol. PZT and 90 for 50% volume fraction of
PZT. These calculated values are in reasonable agreement with the
experimentally observed values (figure 1). The dielectric loss (e'h)
behaviour shows a broad peak in the region 10° - 10* Hz which may be
due to the relaxation of the polymer phase which occurs at similar

frequencles and temperature region.

The dielectric loss is seen to increase considerably at low
frequencies particularly for higher content of P2T in PZT/PVDF [7]

indicating the dominance of PZT at low frequencies.

Figure 2 shows the dielectric loss behaviour [7] against temperature
in the composite of PZT/PVDF and Piezel. The observed peaks which
occur at ~ 360K in PZ2T/PVDF and at ~ 350K in Plezel are due to a

relaxation which is associated with molecular motions in the
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crystalline region of the polymer. The observed behaviour (figure 2)
of ¢'! also demonstrates the substantial contribution of the interfacial

effect of the polymer-ceramic composite materials at high tempcratures.

4.2 Absorption Current Studies

The time dependence of charging currents in PZ2T/Polymer composites [5)
are shown in figure 3. It may be observed that in all cases the
currents decrease monotonically with time following the well known
expression

I(t) = A(T) t™T" {2)

where A is a temperature dependent factor, t the time after

application (or removal) of the external voltage and n < 1. For the
upper two curves the behaviour of I(t) is similar for the two
composites which were prepared using different types of P2T and
different polymer grades of equal volume percentage between the
ceramic and polymer phases. The current in piezel samples was
observed to reach a steady state level at ~10%s whereas in the
composites B and C, the time taken to obtain a steady state conduction
level was observed to be shorter. The analysis of the study state
current in the composition for different temperature and fields (7,8]
(see figure 4) show that its behaviour is governed by an ionic hopping
mechanism with a substantial contribution from the PZT phase at high
temperatures. Assuming a model of 4iffusion of lattice defects or
ions and a carrier hopping process [10] the following expression is
obtainable for a steady state current Is for low fields.

IS = IO exp (~p/kt) Sinh (g%%) (3)
when Io is a constant, p the activation energy, E the electric field,
of the jump distance and the other symbols have their usual meanings.
Equation 3 reduces to

edE

= “H
IS Io exp | /kt) exp { /

2kt) (a)

which is similar to an expression derived by Lawson [11] for the high
field dependence. Fiom the ionic conduction plots, obtained in this
work (see figure 3) the value of jump distance d, and the activation

energy E, for the composite were observed to be 90nm and O.8eV
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respectively [7]. These values are similat to those of PZT [7), thus
suggesting that the origin of the steady state conduction is of ionic
nature in both materials and that the role of PZT is dominant in the
conduction process for the composites. A comparison of data for 10%
and S04 volume fraction of PZT shows that as the content of PZT phase

is increased, the magnitude of jump distance (d-value) increases.

4.3 Thermally Stimulated Discharge Current (TSDC) Studies

TSDC analysis of polymer solids provides quantitative information of

bulk polarization and qualitative information of molecular motion and

P

anisotrophy of microstructure. The thermoelectric schedule of a TSDC

analysis is as follows (see figure 5). A polarizing electric field is

"

applied across the sample at an elevated temperature. The material is
then cooled to a suitable low temperature in the presence of the
field. The external field is then removed. The sample now pocsesses
1 an electrical 'frozen-in’ persistent polarization. The electrodes of
the sample are then shorted and the material is heated at a slow
uniform rate (~100/minute). As the temperature rises, the induced
persistent polarization begins to decay, and whenever a temperature
range is encountered over which the decay rate matches the time scale
of the evperiment, there follows a release of some of these charges.

A plot of this current as a function of temperature is a TSDC

thermogram.

A TSDC analysis obeys the following expression:
w = A/bKT 2
m

—— e a—

where w is the test frequency, A the apparent activation energy, b
the inverse heating rate, k the Boltzmann's constant and Tm the
temperature at which TSDC reaches its maximum. Figure 6 shows [12]

‘ typical TSDC spectra of corona poled PVDF from which it can be seen
that increasing the polarizing voltage increases the magnitude of the
current released. Both curves display a broad peak at ~49%¢ and have

‘ similar profiles.




A typical pattern [7]) of TSDC spectra of P2TS/VDF-TrFE with 50:50 Vol % is
shown in figure 7. The sample was poled in air at a fileld of

1.2 x 107 vm~ ! at 373K for 2.8 hours and then cooled to room temperature
in the presence of the field. It was then placed in a vacuum
measurement chamber for TSDC measurement The first run shows a very
high increas: in current with no peak up to 373k. From the shape of
the curve it may be possible to observe a peak if it was heated above
373K. A similar observation has also been made by Shakhtakhtinski et
al [13] in which no peak has been observed below 373K for a composite
of P2T/polyethylene. The second TSDC run shows a substantial

reduction of current as some space charges have been released during
the first heating (TSDC) run. The third subsequent heating shows no
appreciable reduction of current, thus establishing a truly
pyroelectric current of dipolar origin. This latter point is further

discussed in the next section.

4.4 Pyroelectric Behaviour

The pyroelectric behaviour of the composites have been investigated in
the work both by the direct method [1] and by the dynamic method (2,3]
as mentioned earlier. In the direct method [1] which is probably the

more accurate of the two, the pyroelectric current Ip is related to

the pyroelectric coefficient p(T) thus,

_ dT
L=ap (g (6)

daT

a is the electroded sample area and / the rate of change of

temperature. It should be noted that Iztis the short circuited
current measured at a uniform heating rate. Thus the reversible
pyroelectric coefficient can be directly determined from the TSDC
runs, mentioned in the previous section provided the trapped space

charges have been eliminated with several TSDC runs.

The pyroelectric coefficients as a function of temperature, obtained
by the direct method [1] for the composites B (PZT8/PVDF), C (P2T5/
VDF - IrFE) and piezel are shown in figure 8 from waich [5] it may be
observed that the sample B with the highest dielectric loss (see
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figure 1) has the lowest pyroelectric coefficient at low temperatures,
whereas sample C and piezel appear to have similar p(T) values.
Factors such as elastic stiffness, thermal expansion of the polymer
and internal stresses may contribute significantly to the observed
differences in p(T)} values of the present results in the same manner

as the result of Galgoci et al [(14] showed.

The dynamic method {2,3]) provides an alternative way in measuring the
pyroelectric response of materials. The pyroelectric coefficient p(T)

in this method may be obtained from the following relation [2].

= 7
Ip(max) Bp(T) (7)
9

F a

withB= 2 __ o1 -7 (8)
pC L
p

where I is the peak value of the pyrozlectiric response when a

p(max)
thermal radiation is incident on the surface of a sample with shorted

electrodes, p the density of the material, Fo the radiation power
absorbed per unit area of the electroded sample, C_ the specific heat
of the sample material of thickness L, a the electroded area of the

sample and 9 = Ce/C

where Ce and Ct are the electrical and thermal

th h
time constants of the system respectively.

In this work Ip (max) has been measured after the completion of the
third TSDC run of the prepoled sample in order to establish the true
reversibility of the pyroelectric response. Figure 9 shows the

behaviour of the pyroelectric current peak I obtained by the

p{max)}
dynamic method as a tunction of the poling fiealds (5] at 333K and

373K. It may be observed that the data show an approximately linear
relationship at the respective temperatures and within the range of

fields employed in this work.

Now Ip(max) measured with the dynamic method, must be related to the

p(T) values obtained by the direct method Figure 10 shows a plot [5)
of Ip(max) dynamic method/p(T), direct method for the Sample C at
333K. This relationship appears to be linear, as expected, and is

expressed thus,
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Lo (max) = GP(T) (9)

5 m? s—lK which may be considered as a constant for

where G = 2.1x 10
the same sample material with the same electrode geometry for the same
incident power of radiation. The thermal and electrical time constant

of the system, of course., remain unchanged.

An efficient poling !s obviously achieved at high temperatures, fields
and at long poling time. Care should, however be exercised that the
material does not suffer an electrical breakdown. The results of a
study of these three poling parameters, i.e. the poling field Ep,
temperature Tp and time tp with respect to the induced
pyroelectricity, have been summarised in figure 11 for the composite C
(PZTS/VDF-TrFE, 50:50 vol%). It may be observed that a pyroelectric

s C m_ZK_1 can be obtalned for the composite

coefficient of ~ 14 x 10~
C with Ep =1 x 107 vm™! Tp = 373K and tp = 8 hours with thermal

poling.

Finally Table 2 summarises the results of the present studi-s of the
electrical, dielectric and pyroelectric properties of all tue
materials which have been investigated in our laboratories including
the composites B, C and E and piezel. It is evident from these
results that the pyroelectric coefficient p(T) of composite C is about
an order of magnitude greater than those of the homopolymer PVDF and
piezel. The figure of merit (p(T)/cl) of the composite C is also
higher than those of PZT, PVDF and piezel by the same amount.

Conclusion

It has been possible to produce mechanically strong films of ceramiz
copolymer composite (PZTS5/VDF-TrFE, S0:50 vol%) which are
significantly better than piezel with respect to their pyroelectric
properties. Composite C is thus an attractive and marketable sensor
material which may have considerable advantage in industrial, defence
and bio-medical application. This project has prodiced new useful

material with desirable electro-active properties.

10
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The temperature dependence of £ of FZT and the compasi

is shown in figure 4, it may be observed that th low
temperature relaxation peak of the composite at 268 te
ascribed to the rolecular rnotions in  the a-orphous the
polymer. It should, however, %e noted that the obscrved te ure
of this peaw (I26%F) is censiderably higher than that of at
232 This ray possidly he dJdue to the Influcnce FET
particles residing in the amorphous phase of thke poly-er. The
sccend broad peak of the composite at 353K is due to=  -relaxation.
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Figure 4: The behavi

et (5 = I(f) I(Q.I/f) . ()

2=iC vV 2niC v

o o
where I(t) is the ragnitule of the discharge current a2t a time =
after the removal of voltege V, C_ the geometric capacitance of
electrode georetry without the sample and f the Hamon frequency
(=0.1/t).  This rethod has been erployed in figure 5 to determine
Seliaviour of the composite at low frequencies in the range 10-° to 2

x 1077 Yz, The observed location of the peak (figure 5) corresponds
vell to that of the polymer, thus suggesting again that the
cielectric behaviour of the composite i3 in good zgreezent with that
of the polymer.

In the direct method for the (eterrmiration of the pyroelectric
coefficient p(T) a poled sarmple is heared at a constant tate. of




CIELECTRIC AND PYRQELECTRE PROFERT.IS OF POLYMER.CERANIC COMPOSITE kEg)

Fizure 5: Low frejuency characteristics ¢f £ in
cozposite,
pre~ It 3,5 x 10° y=1

i )
1 ¢l
wes
[ 33
re le
pe 2s
3 er
given by

where Fo is the radiation power o
11 electorded sarmple, a the electroce ave » the deasity of sample,
L

absorbed per unit oarea of the
ez,
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Cp the specific heat, d the sampl
of the pyroelectric current and = /7s
the electrical and thermal  ti

respectively. mzx) hes gener

The sample is cherged
Tt is then discharged

(m2x) is then mezsure
step input of thermal r
of the irreversible z
rmeasured (i) after 3 hours
discharge, (iii) Zollewing
subsequent heating cf the
thermel cycling c¢f th
dischzrge. The resuits

Figure 6: Behavicur of pyroe
varicus tizes and

Sample was charg
az 323°K, Point

<]
@«
L

m

——— e

L . .
Teten g Talter te gy

Latve venep e
R AT

observed that a Cecay ¢f 127 of Ip(mex) was cobserved after 20 hours
of discharge compared to that after 3 heurs of discharge. A further
reduction of Ip(max) of about 507 occurs after the sample is Fzaated
to 373K with its electrodes shorted. No further decay of Ij(max)
was observed on subsequent thermal cycling, thus establishing a
steble and reversible jpyroelectricity in the composite. Fur-her
work 1is necessary to determine ;(T) by the dynemic method as he
ragnitude of Cp is not accurately known for the composite,

In conclusion, it is suggested that =he steady state conduction
behaviour 1in the polymer - ceramic corpcsite may originate from an
ionic hopping mechanism which is dorinated in the PZT phase.
However, the dielectric loss process =mey be largely due to the
polymer phase with some significant contribution by the PZT phase at
low frequencies and high temperatures, The pryro-electric
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Electrical and dielectric properties of polymer—ceramic composites

D.K., Das-Gupta anid M.J. rbdullahn

Schocl of Electrenic Zngineering Sclence, University College of
North hWales, Dean Street, 3anzor, Gwymedd LIS7 1UT

ASSTRACT: Compcsites cf lead Zircecnate Titanate (PCT) and
pe'vvinylidere flucride (ADF) were pregared and its electrical
and cdielectric kbehavicurs were a..a-.se PZT chase has been

uggested to have a significant cont electrical
ccnduction  and  low ‘:ej_-e..:y éielectric lecss at hi
temperatures. The pyroelectric Dbehaviour cbtaired fr
compcsites of different ..a..r-rla"s may suggest that the elastd
stiffness and thermal exgansicn of the polymer rmatrix were amc '1:;
the facteors contributing to the measured pyrcelectric activity.
A higher pyroelectric figure cf zerit as cempared to FIT Las
Leen achieved in cne ¢ the P2T/2TT

¢
(>

JJ’

1

T compesiztes.

1. INTREDUCTICH

Ferroelctiric co:.:y*sy:es c" ce"a_:" a': colye

cornsiderarle atten
crccerties fer t—a“s*”ce“ agpiicaticern s (Sr.-.
et al 1580). There are rnany ways ucd a:ic/;:ol
compesites (Newnmnan et al 1978) et the s\-:les\. meth }
introcucing the ceramic particles into the pslymer matrix. I*x th;s
typ2 of cempesite, the ceramic particles are not in contact with
each other while the polymer phase is self-connected thus havirg
formed a 0-3 connectivity (Newnham et al 1578). The ce*a.ui._/
polynmer composites thus constitute a red structure which right
di‘fer in many respects fron their single phase compenents. .‘-:e-ace
the design of the cornpesites with o:t::\m\ prcperties Lecomes very
challenging since its croperties do not only depend on the
materjals and the compesitions but also en their intercecnnecticns.
Present work repcrts the results of a study of the el ectncal and
dielectric progerties in PZT/P'DF cormpcsites.

b ha\'e lately received

2. EXPERIMENTAL

Compcsite samples are prepared frem PIT ceramic powder (PZTS and
PZT8, supplied by Unilatcr, U.K.}) rixed up with FCF pellets
(PVDF(A) is solef 11010 and PVDF(B) is solef 1008, cbtained from
Laporte Trad., U.K.) at 443K using a hot roller machire and then
pressing into film of 250 um in a te~perature-controlled hydraulic

I 198§ IOP Publishing Lid
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press. After depositing an alitminium electrode of 2cm %X 2 on on
both sides of the film, the samples were thermally treazed in an
evacuzted measurement charber (<10'5 terr) a2t 373K for .24 hours
befere Ny measurements  were perfermed. Tre dielectric
ittivity arnd the dielectric less were neasured using a General
Fadio Eridge cr a Solartron FRA. PyToelestric activity was
casured by a direct methed (Byer and Ro‘.:n:’;v' 1572), in which a
lnea" heating rate of 1°9C/min is enplcyed. The pyroslectric
responses were also studied by a dymamic nmethod  (Simhony ~d
Shaulov 1971, Das-Gupta and Doughiy 198C) by exposing the saxples
15 a well focused light from a tungsten filament. Some results
cbtained on PIE2ZL (compesite of PZT and FVTF copelymer, supplied
ty Daikin Industries Limited cf Japan) are also presented.

‘|

3. PISULTS AND DISCUSSIONS

The tinme dependence ¢f charging
are shown in F'g"'-e 1. It wma all cases the

arrents decreasing monctonoust rent rates

ot
{ &
~is
{ s Texr
N i \A L§:‘§ Xy
W9 N ~ i 5§§\\,‘\ .
T > o
-— ; \ A
— ! ~a
U~
’ T~
r ~:L,
'; x FZ75/PVDF (AVIRO/SL) ~ 3
! o = FLTR/PVLFi3)i30/87)
| 2 = PIEZEL
'
frets d ! . :
Yy 0 162 32 Wt
t (sec)
Fig. 3 Charging :J.rerts in PZT/PVOF and PiZ
176 x @Y va~!

cf decay. Hewever, for the two upper curves which were cbtaired
using different types of P2ZT and different FVDF grades of egual
volume percentage between ceramic and pa""c: phases, the
difference is not so significant. The current in FIE2EL sample was
ckserved to reach steady state level in <he region cf .10% sec
whereas in the prepared composites the <ire taken is shorter.
indeed, the steady state level could te reached 2% earlier times as
the temperature and field are increased. The aA...l)sxs of the
steady state current in the compcsites shcwed that its behaviour is

e e ool
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governed by an ionic hoppiny mechanism with a substantial
contribution from P2T phase at high temperatures (Das-Gupta and
abdullah 1966, Das-Gupta and Abdullah 1587).

Figure 2 shows the behaviour of the dielectric permittivity and
less in the composites. In the high frequency region, the values
of ¢’ are about the same for 21l compcosites but at the lower

. PZT8/PVDFIS)(S0/50: ' (x), ¢ =) 4%
250 PZT3/PVDFIANSC/S0: clo), e (a) 1,
I' PIEZEL s o el e
A A .
0 X ~al T
c ¢ T g 3 4
P e ey T
o - Tl N 3
=] A
‘\ |
50 - -
|
0 -
;
A
o)
|
2
13
rig. 2

freguencies, their values tend 4o differ significantly.
calculated permittivities ¢f the prepared compesites using
eguation given by vYamada et al (1582} are in good agreement with
the observed values (Das-Gupta and Ab3ullah 1987). The dieleciric
loss behaviour shows a brecad peax in the regica 103-:ic% E2 which
r2y be due to the relexation of the pclymer phase which occurs at
sirmilar f{requencies and temperature region. The high dielectric
lcss at lower freguencies seemed to be significantly due to PIT
thase as had been revealed in the rrevicus results (Abdullah and
Cas-Gupta 1937, Das-Gupta and Abdullah 1987).

The large difference of losses at lower frequencies between these
composites may be due to the different types of PZT being ermployed
which may arise from their differences in microstructures (domain
walls, crystallite size and g¢rain boundaries). Furthermore, the
added impurities (which are usually present and of diffent kinds
for diffent PZT types) into the PZT phase may also cause such a big
difference of ¢" valuves (Lines and Glass 1979).

~



licotions 1687

n
¥

keirA;
[P RARY S

e

Seaelale ~u
aealenrandd

L

New

4

A=

m =
e "
N
~
P
o2
’ < a “
ye- L
& N &
o1 (8]
G R 3
o R o
ot RN i
o PR H Lt
« . e oo o
o YR a
- m
// [ <
i
*x o Moy o
e &
o 54
0n .
// // @ g 7
e o W =
R - 3
N .ig "
A m
(SR s B
e x ™ LI} —\.
i
3 )
/ / ua
LX)
ae ” - 4
)
/7 \ 0
[N B, o
LT e T 0 v
. L s
2 20N @
{47, 171007) L} . .
o -
[
on
u.

duy gt x Y4




g ' (Compesite;
lectric peak curran
ica ¢f poling £i

TSR o~ PR D ()

.2y fe criserved <that daza shews an
2lationship at the tesgeratures ard within
the neasurements. Chviously ent peling is achieved et
temperatures and flelds as leng as it does nect reach the breazhdcws
field of the sa-mnles. further nreasu: ents cn FIT3/5VIF(A)
established a linear relationship retwesn Ip-ay and p(TY at 333X
(see Figure £) as:

TPrax = ¥2(7) (1)
where K = 2.1 x 1075 m2.s-1,0g, zh co2ld be censidered 2s a
censtart for the sare th are electrad

sarple rmaterial having the
incident light power and the
thermal time constant ¢f the system remain unchanged.
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PREPARATION AND CHARACTERIZATION

POLYMER-CERAMIC COMPOSITE MATERIALS WITH HIGH
DIELECTRIC CONSTANTS

-, D K. DaS-GUPTA aAND K. DOUGHTY
,: shmel of Eleciranie Erginecrng Scionce, Unierey Colige of Noen Wiles Deon Sirecr
[ Cupnedd LLS7 00T UK,

. (Ressived May 14, 1987, revised Seprember 2 ed Nevember 101387)
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nt movement towards the
2 need 1o store lzrger energ
ew d:z eciric materials whi
he present generation of low lezkagz capac g
M olyvmerssuch as polvpr o*hcncu‘nc‘ﬁaxca c‘.‘..&
2bout 2 but can m\hs\and very high felds’.
with decreasing thickress down to a fzw micrens 3
films to hea! damage is not great.
High permitiivity ccramncs have bcsn rraditics
1

poor mcchymgal strength :md (hcrc.’ow: cannot be exposed

effectively means that they cannot be miniaturized.
Considerable research effort is today directed towards spacis

films of materials such as aluminium oxxd~ which micht

v grown thin
both a high

dirzetric sirength and a high perminivity, However, such maierials are not ye

aval

able commerciully ana their properties are as et not fully esiabished.

Furthermore. the technelogy is not available for producing sach materials i the

arcus and thicknesses required for commerciaf applications in capacitors.
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performed either manualiv in the frequency
range 10 H2-100 A Hz usirga General Rudio Bridee sscemimodel 1621 1or remoich
L mnrasampreseer-controied sistem esened from a Selatron model 125)
Ay response anaiveer, Thes

sstem was capeble of scannming the
acy range from Q.01 mbiz to o3 kHz wth o heh resolution,

sampies produced by malling and ;ressing tended 1o be brittic when the
PZT propornen was heghigreater than 60wt ™) Thiseauld Tead 1o great deBeuities

when thin il are reGured, ecpeaaily o the dielectnic s regquired to confom to

Copy availcble to DTIC daes not
parmmit fully logible reproduction
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some curved or otherwise complicated surface A pes :‘:‘: sol
the incorporation of a third mater ul inthe comp
fiexibility. A fluoro-elasiomer may h

but a plasticizer may be easier 10 inzorporats int
here.

We have investigated th
first partially dissolved PYDF
dime:hyl formide solvents to w
cioetyl phihalate plasticizers w

! soft !'lO\.(\l p!- s 3
ere added. On cooling. 2 suspension of P\ DF we
e

obtained which could be mived casily with PZT powder to form a compost
mixtures were allowed 10 <ry slowly in a fSow of moist nitrogen and then were

N Thcs-: \

hio remove al

P
] . 3} 1
h g v e xS v
< wts
T
- |
< 1
5 PIT/PVIF (73/1%)
- thatgitg
|
1w
[
; PII/PVOF (157251
¢ ihagng
6™ 1 1 ]
' W . w? 0! [

time  (tecs)

Fig 1 Charging urd duscharging current 1ransients i PZT and in g “$a0l®, PZT composrie at
heid te iU vm Yy

N
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Figure 2 shows sinilar data for pure PVDF and Jor a composite sample
containing equal valuesof PYDF and PZT. The charging currents are lowest for
PVDF and it may be obserned that the current afier 100305 increasss as the

proportion of PZTis ingeased.

15~

PIT/PVIF [3€/58) charging

A)

FIT/PVIF (5C/501
gaLracping

cwrrent

U

The discharge currents observed whan the appll
cpposiie ig polarity 19 the charging currents in ail casss and were
magnitude. This suggests that the dominznt mechanism respons
nts was dipolar rearientation. In all cases except for pure PZT, the
urrent dominated the conduction current,

The discharging cerrent transients may be transformed into the relevant low
frequency dicleciric loss information using Fourier analysis or by the Hamon?
approximation. Theloss factor ¢ at frequency f is related to the discharge current/,
at time 1 s following the removal of the fieid £ (= V'), where Vis the voliage and d
the thickness, by the eguation

101

=fCV  IzC,V

f) =5 (N
where C, is the geometric capacitance of the electrods assembly without the sampie,
V the magnitude of the step voltage and f the Hamon frequency given by
01
/ - T (2)
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The approaimation is only valid provided that the charging time cacesds the
recorded discharging time by about an order of magnitude. In the presentwork the
charging time was 10000s which allows us to transform cischarging data up to
1000s and provides lew frequency loss information to frequencies as low s
107 Hz
Low frequencylossspecira for PZT. PVDF and a Sthvol" PZT-30vol° PV'DF
compaosite sample are shown in Fig 3inwhich theloss factors for PVDF and for :.‘e
compesite sampie have been multiplied by a factor of 10in erdertoimprove clar
A pezk may be observed for PZT in the vicirity of I mHzand witha magnh.d.
90. This may bz due tofonic impurites, to the metion of protons or to the prese :of
er=ctronic space charge which may be trapped at domain welis. This "’<l possitil
mav be guite likely in a ferroeleciric material such as PZT which is high
peaa may be observed in the other materials butitis prodable that the
doss '\Mk at this temperaturs but at a lower {requency and outside
.
K

e

N

invesigated in the presentwork. Thisis consistent with cur
observed the x, relaxationin PVDF 21 0.1 mHzat 333 K. Th Z
an interfacial polarization at crystalling-amorphous soun
fiow ofpol\'mer chuins. The similarity baiween the low
composite materizl nd hat of pure PVDF suggests thut the polymer propeniies

dominate the Cielectric behaviour of the polvmer.

.
2
2
I w0
F PIT/EVIF
£ St tompesite W)

5 -

PVYIOF {x10)
¢ A " A
0 R w! Wt

frequenty  t¥1)

Fig 3 Low frequency digiectnic loss spestra for PZT. PVDF and the composite at 333K using the
Hamoer approvmasnuen

Ve have shown elsewhere® that the conduction process in PVDF at high
temperatures and at high ficlds is best deseribed by un onic model with an average
Jump distance of 2.5 nm. The clectrical conduction in a crystailine ceramic such as
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PZT is also ionic and it appears likely th
materials would also bs ionic. We havein

< wm
>
T
n
(o]
b ]
e o
«<
5
2
o
»n
O
E
)
o
v,
a
o
°,
=
o
2
(1]

his behavieur by anzlysing the
nacomposiig, and th

fisld dependencs of the conduction curren e
b
ienic conduction plots are presented in Fig. £ and 3 raspectively.
whr
<
5
.
1T
Wt -
<
£
-§- 0 -
3
! 1 1 1 e J
° ) 00 590 2600 2500

applied  voltage V)
Fig. & lomie conduction plotfor s PZT-PVDF compesite
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According to Lawson®, the high fie!d dependence of the ionic conduction
current /, is given by an expression of the form

ejE N

(M= lo(T)cx,,(_‘kT) ()
where Iy s a temperature-dependent constant ingorperating the :I zrmal activetion
energy, e is the electronic charge, j is the jump cis "s Boiizmann's

iines fromwhich
s over ihe linear

consient. Hence, pioisofleg /, vs. E or voltags st .ox.’d ¥

the average jump distance may be evaluated. From the gra
portions of Figs. 4 and § the average jump cistances in PZT and in the composite
were calculated fo bz 46 nm and 43 nm respectively with en uncertainty of Snm.

Theseresults seem toindicate that the role of PZT is dominantin the conduciivity of
the composiie. However, the zralysis given above should be treaied with some

(2%

caution as the range of fields emploved may notextend 1o a suificient!y highlavel to
ensurz that an ionic mechanism o-\crates Indced the deviziion from chmic
behaviour was observed 1o be only stight in the case of PZT. In the present work we
have deliberately not considzrad alternative mo de!s such as the Schotiny effect and
Poole-Frenkel conduction as these may not be app.opriate in pol
below fields of the order of 10 MV m ™!, It may.
such processes with the thinner fiims wh
sysiems.

The dielectric constant for a iwo-phas

cen expressed by the formula®

20t —xley +(1 = 2xie,

BT =
uHe:: x is the volume fraction of the inclusi
asianis of the rcspecmc phases. We
etermination of the diclectric constant, TH
our examples, the dieleciric constant of the
dielectiric constant of the continuous phase. :
omitting 2ll reference to the diclectric consiznt of the ceramic.
reduced equation’
1+2x
l—-x
We refer to this 2s formula B.

In Fig. 6 we have plotted the experinmental values of the relative permittiviiy of
the composites as a function of the volume fraction of PZT. These duia were
obtained at a frequency of 1 kHz. In general, the values would be expecied 1o be
higher at lower frequencies. On the same graph, we have drawn the theoretical
permittivity curves using the above formulae. [tinay be observed that a linear model
would be superior to either model A or model B but that model B provides a4 closer
fit than muodel A does at high volume fructions of PZT. This result suggests that the
permuttivity of the ceramic is. indeed, unimportant and that we need to consider only
the polymer when fabricating a high permittivity composite.

The abose analyses are bused on the assumption thut the ceramic powders may

&= £ (3)
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.model Brand ex

This produces a more complex expreisi
Ve, —£:) . 6y

= —_—t— ¢
N(ey—g )l —x) !

Most of the symbols are 2s previous!y defined above and N is a shape parameier
which can be adjusted 1o fit the experimental data.

In Fig. 7 we have replotted the experimental permittivity data for the composite
sample as a function of the voiume fraction of PZT. We have also drawn theoretical
curves corresponding to egn. (§) for various values of the shape parameter V. [t may
be observed that no curve passes through all the experimental data points but that
the N = 3 case provides the best fit. This is eflectively the spherical case which
implics that this more complex mode! may be no betier than model B. It is possible
that the shape parameter may itself be a function of the volume fraction of ceram:c.
Physically, this could be a consequence of particle attraction or of difering
distortion as a result of hot pressing. It is interesting to note that egn. (6) reducestoa
lincar model when N = 0. However, thisis not a reasonable possibulity in the present
case and it would require the polymer to have 2¢ero permittivity.
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Fig. 7. Effect of pariicie shape on the per

As mentioned previously, the experimental values cited above are those
measured 2t 1 kHz. For capacitor applications. lower frequency information may be
morerelevant. especially if device opzration is to be at mains {requencies (30-60 Ha).
In Fig. 8 we present the {requency dependence of the relative permittivities of PZT,

@
E=4
T

S
-
T

permiltivily

PYODF Ix101!

3
T

relative

\ P2T 1/30)

0 r

P2T/PYDF (15735}

" A 1 1
W w! 10} 164 0%

frequency IM1)
big 8. brequensy dependerce of permutiniy in PZT, PYDF and 3 composite material at 133 K.

~
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PVDF and a composiie of the two materials. In order to optimize the vertical scale
we have multiplied the PVDF data by 10 and divided the PZT cata by 10. It may be
observed that there is little percentage changs in the PZT permittivity over fou
decades of frequency. In contrast, the permittivity of pure PVDF increases by near!
40%; as the freguency is decreased from 100 kHz to 10 Hz, Tha behaviour of 1k
composiie meaterizl is similar to that
that values of permiliivity in excess of 100 may be obiained at the lower frequencies,
In order to explain the frequency dependence of the dielectric properties, we
have plotted the frequency dependance of the digiectric losses of PZT and of PVDF
in Fig.9 at 333 K. The x. process in PVDF® may be observed to peak 2t about
§0 Hz.whilst a broad processisevidentin PZT. Although the relative magnitudes of
the less processes are similar, the process in the polymer is more significant bzcause
itimplies aloss tangent of 0.1 compared with 0.001in PZT.

-

Cao 13 S

15 -

dielectrit foss

] .

4 L —

] 3! et w6t w
trequenzy Ivg)

Fig.9. Frequency dependence of the dielectric loss in PZT and PVDF a1 333K,

The frequency dependence of the loss process in the composites is shown in
Fig. 10. The behaviour is agaia similar to that of the polymer up to 30°, PZT
content. No peuk may be observed in the 75°; PZT case but this may be simply
because of the increasing ionic effect or the presence of an interfacial polarization.
However, it may be significant that the actual level of dielectric loss increases as the
fruction of PVDF decreases. We beiicve that this may be the resuit of decreased
steric hindrance in the presence of a filler rather than some more specific interaction
mechanism.

Finually. we hase performed some preliminary measurements on plasticized
composites. These sampies showed superior mechanical propertics and were casier
1o process than the simple binary sample. However, it was possible that the effect of
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the plasticizer would bs to incraase the conductivity 10 such an extent that the end
product would be 100 lossy for practical applicaticns. As plasticizers also eJect the
glass transition temperature, it was also possible that additional dieleciric less

processes would be introduced or that ex

loss

delectric

™
1

]

ng processes would be shilted 1o less

PIT /77 ¥LF
+ plasticizer

PYODF o platticizer

. 4 A 4
00 250 300 350 00

temperature (K]

Fig 11. Temperature dependence of the diclecinc loss in plasticized PYDF aith and without P2T
tfrequency. 1 WKzl
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favourable temperatures or that their
The resuits shown in Fig. 1] prove that this is 20t the case. Fium the temperarure

depengdence of :'f. disleciric loss, only .\\o p K ma_\' he obs

PVDF-PZT- ';! : ’ 34

in terms of temp
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APPENDIX Al NOMENCLATURE

C, sgecometric capacitance
d sample thickness

e electroniccharge
E electric field

f  frequency

I, discharging current
!, conduction current

—~

o tempcratyre-denendent constant
jump distance
Boiicinanna's constant

N shape parameter of filler particles

t time

T temperature (K)

V  voltags

X volume fraction of filler
permiltivity of composite

y  permittivity of the polymer (matrix phase)

+ permittivity of the PZT (filler phase)

" dielectric loss factor

P

£
3
&
£

— TN~



SOLRNAL OF WaTERIALS SCIENCE IETTERC = “tws

Dielectric and pyroelectric properties of polymer,/ceramic

composites

D. K. DAS-GUPTA. M. J. ABDULLAH

School of Electronic £ngineering Suence, University Coliege cf North Wales, Dean Streer, Sangor,

Gwynedd LL57 1UT, UK

Ferreeleciric ceramics such es Lead Zircon:

PZT)end BaTiO. highdigisoir
123, high piezo und parosieciric cosfid :
2lzstromechenical coupling which mzke them ery
usefil in numerous applications, notedy in hi

value of acoustic impedance have resiricied their
1 some appiications. On the other haad, plezosiaciss
. s such Polyvinviidens Fivordde (PVDF)

poiymer
its copolymer with trifluorethyiene (TrFE) have relt
wavely low acoustic impedance which zould provide a
g0

d acoustic matching (o water or Ussues, Morzover.
ood mechanical strength makes itavery atiraciive
I although its piezo and pyracteciric coel-
arz reletively low as compared 0 cerzmuics.
Threelors, a ferreleciric compasite may he de
10 combine the superior cleciro-aciive propentie

of ihe c2ramics and the mechanical or

ea position. The preseat work reports
: ult of a study of absorption curren's as well as
the diglectric and py roelectiric properties of PZ1 PVDF
COmposites.

Composite samples were prepered from PZT
ceramic powder (obtained from Unilator, UK) mired
ap with PVDF (grade Solef 11010, supplied by Laporie
Trad., UK} at 443K using a hot rolier machine. The
fiim was then pressed 1o approximately 200 um and an
aiuminium electrode of 2em x 2em was vacuum
evaporaied on both sides of the §lm. The Sampics were
then thermally treated in an evaucated measurement
chamber (<10 “torry at 373K for 24 hours. before
current absorption measurements were pesformedd.
The diclectric dispersion measurements were mande
using 4 General Radio Bridge (1 pe 1621) or using a
system comprising of a Solariron frequency response
analyser and BBC microcomputers which hase recently
been developed w1t UNCW, Bangor. The pyroclectric
currents were mcasured using a direct method [4] by
applying a lincar heating rate of approximately
1?Cmin' 1o the samples which have been poled
appropriately, Absorption currents and  diclectric
measurements were also made with PZT discs and

0261-8028 §8 50300 + 12 /988 Chapman and Hull L1,
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Figure } Chatging (x) and discharging (@) currents in PZT PVDF
a1 different composstions at 363K with poling field 7 x 100 Vm-~".
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RNEREY e netatues teaches M3 0w dif
ference of shout a factor of ~ 3108 found in PZT

and Sivei e PAT.

PVDF compose

.:<.1 funcuon of ficld for PZ
he cypression for a
sived by Mot end

chargimgourien
PZT PADF

taieocureen I,.

S-CJ\_\

. (7’ e le
@ir usual
PZI s ’cunu ‘0 be
_‘? nm and for PZT

o with PZT cur
1 calcuizied from

2. ~<8am. hence the &

2 the vaiues
the PZT PVDF

s the addition of
:h:: d~\ alges

~ors PZT p' se Wi I incraa

Fig. 3 shows the b-:ha\iour ot'p roinay. gt end
with {reguency for PZT PVDF compesites and piezel

A

¢ { i
at 363K, Th -\a‘u:s‘*rPZT SC\ cl®e) PVDF and
piezel have been divided by
clarity, It may ha oheenvad

PZT PVDF tend

piezel thevaria

of PZT PVDF co
cl, 17 the permi
given as

ng{ts = &)
e = NREES — :
¢ { ne, + (e — o0, — k?):l =)

where ais the parameter atiributed to the shape of the
clitpsoidal particles. g the volume fraction of the ellip-
soidal particles, r, the permittivity of the continuous
medivm and ¢, the permittivity of the ellipsoidal
particles. Taking the values of ¢ = 11 (PVDF\.
£, = 1240 (PZT) and the value of n. chosen as § to fit
Equation 2. the calculited values of relative permit-
tivity at 1kHz are ¢ = 20 tfor 10vol® PZT) and

= 90 (for 30v0! "6 PZT) which are in goed agree-
ment with the observed values {sce Fue, S)

The diclectric toss behaviour (Fig. S) of the PZT
PVDI and piczel composites show relanation with a
broad peak which may be due to the relanation of the
polymer PVDF which occurs at o similar frequency
and temperature range. The loss 1s seen 1o increase
consideribly ut low frequencies for higher content of
PZT in PZT PVYDF, indicating the dominance of PZT
at low frequencics.

Fig. 6 shows the diclectric loss behaviour against
temperature in the composite of PZT,PVDF und
piezel. The observed peaks which occur at ~ 360K in
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ELECTROACTIVE PROPERTIES OF POLYMER-
CERAMIC COMPOSITES
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| Serool of Elecirenic Erg“.cerw'g Science, Universizy College ¢f Nori: Wales,
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of absorplion and s‘-a..\ saie elestrical cond

behaviour have b udx-d for po.\mcr ¥
\au o! 3% ro-l:c.n: :e::‘:’n.x'nl an

ne

icn 2

B :c..-.z'.d values. A b
coup..d e of PZT may comr
the PZT/PVDF composites. The dicieciric Joss procs
ca b. dc'rm .: by r.‘~os- o.’ :r: p

malching to wate H
czn De cut cr b: ,x in:o comp
&s compared !o ferroeleciric cs

coeficient are rejatively lower.

In recent times, ferroelectric compesites of ceramic and pc‘.)'.-r.er have receive
considerahle aucmxon due to their good pc oelectric propesties for nansqucer
applications.”® There are many ways in producing poiymer-ceramic compasiies
but the simplest method is by introducing the ceramic particles into the peiymer
matrix. The pol\mcr -ceramic composites thus constitute a new structure which
might differ in many respects from their single phase components. Hence the
dcsxgn of the composites m.h optimum properiies becomes very challenging since
its properties do not only depend on lhc materials and the compositions "u( also
on their interconnections. Such composites chld cxhibit piezo- and pyioe
city if they are suitably poied.** The pitzecleciric constant for the com;“ﬂxlu
depends on the piezoelectric constant of the d.s;cwo d. the diclectric permiitivity
and the elastic constant of both the phases.

Similar dependency may also be abserved for the pyroelectricity of the
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composite. A detailed investigation is still needed 1o deveiop the material with
optimum practical vales for varicus upplications.

Composite of PZT/PVDF have been prepared in our laborateries and t
nature of their absorgion currents have alrcady been reported.” Present wer
reports the resui's of absorpiion current stuciss of a commercially avail
compesite of 2 PZT/wpolymer VDF (PIZZEL) togsther with quasih-sicady sia
concuction, dieisciric and pyroeleciric behavicur of PZT, PVDF compesite
PIEZEL. Some limi*ed resulis of sieady state conduction and diejectric studie
PZT has also been provided.

>

e Lo i om0

2. EXPERIMENTAL

PZT/PVDF compositas are prepared from PZTS ceramic powder (supplied by
Unilator, U.K.) mixed up with PVDF pellets (grade Solef 11010, obtained rom
Lzporiz Trad., U.K.) ot 443K using a hot roller machine and then pressing |
fim of epproximaiely 200 um in a temperature controlled hycraulic press. Al
depositing za 2luminium elecirode of area 2cm x 2em and thickress 700 A on
both sides of the sample §!m, they were then thermally treated in 2n evacuated
(<107%i0rr) mezsurement chamber at 373K ‘or 24 hours with their elecirod
sheried before 2ny applicaticn of external polar electric fields. Such i
trealment pricr to measurements was {ournd ‘o
resulis 2nd tends io reduce any trapped (shzliow) charges and surface cherges.
Similar procedure of elecirode depesiting and sutsequen
the semples were also performed for PIEZEL (mo
d by Daikin Incusiries Limited of Jepzn) and
supried by Uniiztor, U.XK.).

A Brandenburg type 472R high stability ph

{or chesging or poling the samples. In the ¢
the samples were thermally conditioned as ¢
c

tion of each of the next charging fields. The cu
elecizometer (model 401) or Keithley (model 602
a recorder.

The dielectric data were taken using 3 Gerneral Radio Bridge (type 1621 with a
1238 detector and a 1316 oscillator) or using a Solariron Frequency Respranse
Analyser and BBC microcomputer 2utomatic sysiem which have receniiy been
developed at UCNW, Bargor. The pyroeleciric currents were smeasurad using a
dlrefrl method,® in which a linear heating rate of appreximately ldeg/min was
2pplied 10 the szmples which have been poled zppropriately. The pyrocleciric
responses of the sample were also studied by a dynamic method™® by expesing
the samples 10 a step input of well focused radiations from a tungsten filamen:
lamp through a quartz window of the sample chamber.

3. RESULTS AND DiSCUSSIONS

The cf.‘cc'x of polarising felds at constant temperature on charging and discharging
curreats in PIEZEL is shown iniFigure L The polarity of the discharging current

. e wia
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CGURE ] Chrarging and discharging currents in PIEZEL o3 €iTerant felds and

by

“L.(t) has been reversed for the purpose of claritv. It may te observed that the

cierence in magnitude between L () and L,(1) 2t constant times increased with
increasing charging felds, demonstrating the inllteace of contributions of the
sieady staie of conduction current at progressively shorter times. The behaviour
of I(1) and [(1) 2t different temperatures in_the range of 313K-373K at a
charging field of 3.5 x 107* Vm™! is shown in‘Figure 2./1t may be observed again
that at higher temperatures a steady state toncuction begins to occur which
ceuses the charging currents 1o deviate from the corresponding discharging
currents at progressively shorter times with increasing temperatures.

Above observations are in agreement with the behaviour of /,(1) and () in
polyvinylidene fluoride. The monotonic decay of the discharging currents with
time wete observed 1o follow the well known expression:

()= A(T)™" )

where A(T) is a temperature dependent factor, ¢ is the time after removal of the
external applicd ficld and a <1 in the range of fields and temperatures of the
present measurement. The steady state conduction cusrents were observed to
have been reached at ~10**sec (=27.8 hours) at 293K and 3.5x10° Vm™".
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Obviously, 2t high fields and temperaiures, the sieady stale conduction level is

. reached at relatively shorter times.

" The conductivity of the PIEZEL sample at 343K was observed to be
1.2x 1072 Q" m~! which is about one order of magnituce higher than that of
PVDF. It has been shown previously® that the charging cusrents in PZT reaches a
steady state value at relatively shorter times (~100sec) giving the conductivity .
value of 9% 10779 Q=" m~* at 343 K, which is about 3 orders of magnitude higher
than that of PIEZEL. Thus the charging and discharging currents behaviour and
the level of steady state conduction in PIEZEL are very close to that of polymer
phass.

IFigurc} shows the nature of isochronal (i.e. at constant times) charging
currents for ‘different fields at a constant temperature of 343 K. An analysis of
their behaviour shows that the slopes of log /.{r}/log E plot at high fields region
are greater than one and non-lincar at longer times and higher fields, thus
indicating possibly a presence of ionic or electronic space charges.

The temperature dependence of the steady state conduction /, at 10° sec for
differert fields in PIEZEL is shown iniFigure 4.

The behaviour of J, as a function of ficld may be analysed with respect to three
conduction mechanisms, i.e., Schotiky emission, Poole-Frenkel cflect and ionic
conductivity. Previous results'® have shown that the Schottky and Poole-Frenkel
models mary not be the origin of the stcady state conduction current ir. PIEZEL.
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Das-Gupta er al." have ako rejecied the possibility of Schottky and Poole~
Frenkel conduction in PVD?.

Ionic conductivity has teen observed unambiguously both in ceramic and
polymeric systems. Based o1 a model of difusion of lattice defects or ions and 2
carrier hoppirg process,'? it may be shown that:

L =lexp(—AU/KT) Sinh{edE/2kT) )
where L is a constant, d thz jump distance, AU the activation energy and E the
applied electric field. Equation (2) may be reduced 1o

L =Lexp(~AU/KT) exp(edE[2KT) 3)
for high electric fizld region (eEd > 24T). Hence a plot of log /, versus £ at any
particular temperature T should give a straight line at high fields with a slope of
¢dE/2KT, from which the yalue of 4 may be evaluated.Figure S shows such an
ionic plot in PIEZEL at several temperatures, giving the values of 4 in the range
450-850° A in the temperatzre range of 303-373 K. The values of d for PZT wers
found to be in the range 650-1020 A at temperatures 303-343 K while for
PVDFY, the aierage jumy cis.aacs J wis found 1o be (33 = 5)A. Thus the fonic
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FIGURE 5 lunic conduction plots in PIEZEL at different temperatures.
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FIGURE 6 Isostrons] charging curanis at 16%szc s a function of eld in PZT, PZT/PVEF 2ad
PIEZEL 21 32K,

conduction process in PIEZEL zppear to have a significant contribution from the
PZT phase.

The ionic plot for isochronzl charging currents 2t 104 sec at 343 X in PZT, PZT
(50 Vo. %)/PVDF 2nd PIEZEL are shown in}Figure 6 for comparison. The jump
distance for PZT is found 1o be ~900 A, whereas for PIEZEL, d =280 A and

- PZT/PVDF having d =80 A. It should be noted, however, that except for the

PZT curve, the values of charging currents at 10*sec are not the steady state
current for the other two materials and hence the calculation of d-values for thess
materials may not be appropriate for comparison with PZT. The values of d for
PIEZEL, calculated from steady state currents (~10%sec) is greater (~450 A);

: . hence the d-values for PZT/PVDF composite is expected to be greater than the

values calculated at 10°sec. The high d values obtained in PIEZEL, as compared
to PZT/PVDF composite may be due to high content of PZT phase prescnt in
.PIEZEL. Indeed, the increase of PZT phase content in the compesite would
increase the values of the jump distance."

|Fxgure 7 shows the behaviour of dielectric permittivity and loss in PIEZEL at
dlﬂ'ercr)( temzeratures. It may be observed that the values of €’ decrease while its
relaxation strength increases as temperature is increascd in the range 324 K-
375K, thus indicating a thermally activated process. Such a process is clcarly seen

. -
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FIGURE 7 The bekaviour of € and € .o~ n.. frequency in PIEZ=L at diflereat temperatures.

in the behavicur of the loss f{unction € in which a troad relaxation peak is’
T

ovserved and it shifis to higher ireguency for increasing temperatures.
activation energy of this process is found to be 1.20eV which is comparable 0
that in PVDF, i.e. 1.0eV*. This will suggest that the relaxaticn process ia
PIEZEL may be due to a.-relaxation in the polymer phase, which has been
assigned to molecular motiors in the crysalline phase. Previous results’® have also
shown a presence of a low frequency (~10"*H,) peak in PIEZEL which
corresponds well to that of polymer PVDF,' thus suggesting again that the
diclectric behaviour of the composite is in good agreement with that of the
polymer. .

There is no observable relaxation process in PZT in the specified frequency
range as can be seen from{Figure 8, which suggests that there is no appreciable
movement of domain walls or phase boundary. It may 2lso be observed that a
broad relaxation peak is also present in PZT/PVDF composite as shown in Figure
8. The high conductivity term of ceramic phase is seen to contribute significantly
at low frequencies in the PZT/PVDF composite. The values of €' for PIEZEL
and PZT/PVDF appear to be the same at high frequencies, but it differs
significantly at lower frequencies, which may be due to the interfacial charges
residing in between particles of ceramic in the amorphous phase of the polymer.
There is no appreciable change in the values of €’ for PZT in the frequency range
of 10 Hz~100 kHz. Thus the high relaxation strength obtained in PIEZEL and
PZT/PVDF composites may be due to the effect of ceramic particles in the
amorphous phase of the polymer.

he
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The dielectric loss behaviour with temperatures in PZT, PIEZEL and
PZT/PVDF composite are shown in Figure 9, from which it may be observed that
there is a relaxation peak in both composites of PIEZEL and PZT/PVDF while
in PZT there appears to be no relaxation. The celative cifference of pezk position
may be attributed to the nature of polvmers employed. Again, the loss process
s=emed to be due to polymer phase with an added contribution from PZT phase
at low {requencies and high temperatures.’
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“Assuming a composite system in which ellipsoidal particles (ceramic) arc
uniformly distributed in a continvous medium (polymer), the diclectric permiz-

tivity € of the system is expressed as:*
1]

re(e - €:) L7 4
nel+(e:—-s|)(1—q)] )

e=e,{l-ﬁ-

where n={n?m is the parameter atiributed to the shaps of the ellipsoidal
particles, ¢ is tHe volume fraction of the ellipsoidal particles, €, is the permittivity
of the continuous medium 2nd €, the permittivity of the ellipsoidal paricles.
Using €,(PVDF) =11, , (PZT)=1300 at 363K, the calculated values of
permittivities with n=7 and § are plotted 2s a function of PZT volume
percentage, along with tie experimentally observed values, in:Figure 10. The
theoretical curve with 2 value being between 7 and 8§, may rezsorably fit'ths
experimental data obiained, which is in good agreement with the curve obtained
by Yzmada er al. [4] in PZT,PVDF (n =8.5) and Mufnralidhar and Pillai*® in

BaTiO;/PVDF (n = 7). It may 2lso be cbserved from Figure 10 that the dizlectric ”

loss is inevitably increased as the PZT content is increzsed, and it is markedly
coseived zanticuiady in the ivw frequency region,

In the direct method® of measuring pyroeleciric coeSicient a sample is heated 2t
a constant rate with iis electrqdes shorted and the short-cireuit current=s
monitored with an appmpria:el'?rﬁpedance electrometer. The first run provices
irreversible current which is sutrsequently reduced in the following runs. A typical
thermally stimulated discharge current (irreversible) and pyroelectric current
(reversidle) in PZT (30 vol Sc),/PVDF is shown in-Figure 11 ‘which was oizired
with the pre-poled sample 2t 373K in eleciric feld of 1.2x 107 Vm™} for
2.8 hours and cooled to room temperature in the presance of field. The &rst run
shows 2 very high increzss in current with no pezk up to 373K. It may de

e b o x
.-

eiserved ¢

(1239

“- /g
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FIGURE 10 Dicleciric permittivity and loss as a function of ccramic volume percentage in
PZT/PVDF composite at | KkHz and 363 K.
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where /, is the short-circuit pyroelecisic current, a the sampls zrea and dT/ct is
the heating rate (1deg/min). The calculated value of p(T) at 343 X gives about
2x 107 coul/m¥/K which is significantly higher than that of the well poled
B-PVDF (=1x10"*Coul/m~/K) obtained by Inoue er af,'” at the same
temperature. Although the p value in PZT/PVDF composite is Jower than that of
PZT (p=5x 107 Coul/m~/K), its pyroelectric figure of merit p/e’ is about §
times higher (taking €'(PZT/PVDF) = 95, ¢'(PZT) = 1250 at 343 K).

:FSgurc 12 shows the behaviour of the first run (irreversible pytoelectric current)
and the third run (reversible pyroelectric current) of the TSDC spectra for
diffierent PZT content of PZT/PVDF composites. It may be observed that the
differences between the current values of these two runs is more pronounced for
fow concentration of the ceramic in the polymer matrix. A possible explanation
for this behaviour may be described as follows, The conductivity @ of an ionic




12 D. K. DAS-GUPTA and M. J. ABDULLAH

: Yet va!
mx
: 2.0 hrs

Wt /
wal_ /' Jrd cun
/

B

{ (Amp)

1w N S " ;
W 0 3 40 30
PIT  vol %%

FIGURE 12 Thermally stimulated dischargs currenis specira for various ceramic volume percentage
8t 323K in PZT/PVDF compositc.

material may be expressed as:

AW ] ©

€'KT
where the activation energy U is given by AU =AW/2¢’ and W is the energy
required to separate the ions in a dielectric medivm. Equation (6) implies that the
conductivity is increased due to an increase in the permitiivity €’. Thus, a higher
conaucuvity would arise for high PZT content of the composite. In 2ddition it is
possible that an increasing ceramic content may introduce deeper traps resulting
in a decrease of released charges. Of course, it should be stated that an increase

" cxp—[

in conductivity does not necessarily provide an increase in the reversibie -

pyroelectric current.

The pyroelectric coefficient for various contents of PZT in PZT,/TVD
composite at three different temperatures are shown in{Fig_u_r_c 13.; The samples
were initially poled using the same poling parameteis. (£, =7 x 10°x 1/m,
T, =373K, 1p =2.8 hrs). Generally, the pyroelectric coefficient increases as the
PZT content in the composite increases. Assuming that the pyroelectric
coefficient for the composite depended on the pyroelectric coefficient of the
dispersoid and the relative permittivity of the polymer, the composite pyroelectric
coefficient p may be expressed as.*”

P=qaGP, (@)

where g is the dispersoid volume fraction, a the poling ratio which is defined as
the ratio of an arbitrary chosen value of polarization to the saturution value at a

W
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G= nlefe, = 1+n+(n—1{ele,—1g) @)
(ex/e,—1+n) +(e:/e; = Vi{n =17 - €€} g

€, =11,
e obtained

where the symbols have been previously defin

5, a=10.
€:=120) and p, ar

Y 0

3% 107 Coul/m~/XK, the celculeied vaives of p

. for PZT/PVDF composites with different PZT content 2t 223K, and 2re showa in

Figure 13. It may be observed that there is a good agreement between
experimental data and czlculated values for composites with high content of PZT
phase. For low PZT content, the observed values of the pyroelectric coeficients
were less than the calculated values. This deviation mey be caused by the
uncertainties in the chosen values of a.

The dynamic method” provides an alternative way in measuring the pyroelec-
tric response of the materials. The pyroelectric coeflicient p(T) in this method
may be obtained from the following relation:

I = Kp(T) )
with
F,a
=2 goi-e 10)
TN ¢

where Ip ..., is the peak value of the pyro~irciric current response, P matcrial
density, £y is the radiation power absorbed per unit area of the electroded

g

G v P .
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three diferent fields in the range (3.5-10.5) x 10° V™,

The constant of proportionality K (see Equation (9)) is found to be 2.1
108 mis™ K, which could be comsidered as a constant for the same sample
saterial having the same electrode geometry with the incident radistion power
and the electrical, the thermal time constants of the system remaining unchanged.
A comparison of pyroeleciric coefficient between PZT/PVDF composite and
PIEZEL, obtained by the direct method can be scen in iFigure 15, Both
composites show an appreciable increase of p(T) values with temperatures. The
velue of p(T) may still be enhanced by increasing the magnitude of poling field,
limited by the breakdown voltage of the material. It may also be observed from
Figure 15 that the p(T) values obtained by the direct method in PZT/PVDF
ccmposite which is indeed the most accurate method, are somewhat higher than
those obtained by the dynamic method., particularly at high temperatures. Further
work is necessary in this respect.

In ccnclusion, it is suggested that the steady state conduction process in the
polymer-ccramic composites may originale from an ionic hopping mechanism
which has a significant contribution from the PZT phase. The diclectric Joss
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PYROELECTRIC AND DIELECTRIC PROPERTIES OF
POLYMER-CERAMIC COMPOSTTES

D.K. DAS-GUPTA and M.J. ABDULLAH

School of Electronic Engineering Sciences,
University College of North Wales,

Bangor, Wales, U.K.

INTRODUCTION

Ferroelectricity in well-poled polyvinylidene fluoride (PVDF)
is a phenomenon which is now well supported. However, the piezo- and
pyraelectric responses in this polymer are significantly weaker than
those of ceramic oxides. It would be attractive to design compesite

»

materials which will have the mechanical properties of polymers wi
the electro-active properties of ceramics. Such materials w
useful for diverse sensor aprlications, viz, acoustic exiss
detection, hydrophones, biomedical applications, thin film cagac
tc. One of the chief requirements cf a capacitor is that a
capacitance to volume ratio is desirable. A high ratic requi
thin film, a high dielectric ccnstant and an acceptakle elec
breakdown strength. Such a material rmay be desigrned by a jud
incorporation of fine grain ceraxics in a suitaple polymer matris.

Present work reports the result of an investigation cf the
dielectric and pyroeleciric properties of compcsite films in . 2}
BaTi0y and PZT have been located in the matrix of PVOF.

EXPERIMENTAL

PVDF pellets (types A and B) and fine grain (i-2.m) FITS and
PIT8 were obtained from Laporte Industries and Unilator Techrical
Ceramics Limited., respectively. Cockscen plc. generously provided us
with BaTiOy grains ("lum). The compesite hides were prepared with

suitable concentrations in a rolling mill at 4J3K. A temperaiure
controlled hydraulic press was subsequently used in the second stzge
to prepare films of minimun thickness of 200un. The absorption

current studies, the dielectric measurements and pyroelecir::s
behaviour investigations were made as described in our pr U
workl™4. The different composite mixtures used in this work will te
designated thus:

Composite A: TTS/PVDF-A (Zolef 11C12):  50/50 (volume fraction,
Corposite B: P2T8/PVDF-B (Solef 10CS5): 50/50 (volume fract:on;
Composite C: BaTiO3/PVDF-B (Soief 1008): 40/60 (volume fraction)

PVDF-A pellets (Solef 11010) of Cermposite A films were observed
to be more opaque compared to FVDF-B (Solef 1008) cof Compesite B
films. Above observations would suggest that the Solef 1i010 pellets
are more crystalline in nature than the Solef 1008 PVDF pellets.

RESULTS AND DISCUSSION

Figure 1 shows typical charging and discharsing cur
transients I.(t) and Ig(t) respectively for the composite f

and C for a charging field of 3.5 x 10° ws~l at 141K, It
cbserved that composite C reaches a quasi-steady state value ¢t 1..%)

Mat Ry Soc Semp Peoc vor 120 1980 Marei s Revenich Soc vy



at "103s while compcsites A and B seem to take a longer time (1C%s;
to reach such conduction levels. It has been shown that the steady
state conduction mechanismsl in such composites is of ionic nature
which 1is also true for ceramic materials rthermore, izni
conduction has also been observed in PVDF at mg\ fields and high
temperatures where the charge carriers hop through the defect s-:es
along the chains®. The discharge current Ig(t), behaves according t
the well known expression:

Ig(t) = A(T) t~0 el (1)

where A(T) is a temperature dependent factor, t the time after the
removal of the charging voltage and n <l. In this work n-value was
found to be 0.6 - 0.7 for all three Composxtes A very kEtrcad
distribution of relaxation times is indicated by n~1l.

The observed dielectric behaviour (€' and (") cf the thr
composites are given in figure 2 ir the frequency range of 10 Hz -
kHz. For composites A and B the €' =- values (real part of
dielectric constant} are very similar and higher than <that
composite C. The pernittivity € of a composite systerm may
expressed thusS:

r ]
|
|
i

1
ron o
moand 1M

" ()!

nq(ex - €1)

nep - (€3 - €31)(1-g)!

where €; is the permittivity of the continuous medium (i.e.
our case), €; permittivity of the ellipsoidal particles (ceraxics;,
n a parameter attributed to the shape of the ellipsoidal particles.
With n = 8, €)(FVDF) = 12, €3(PZT) = 13C0 and €y (BaTidy) = 170C, the
calculated values of pe:'n'x;txvx‘xes of composites A and C are §
70 respectively which are in good agreement with the experimen
observed values, i.e. €'composite A = 100, €'composite B = 1O
€' composite ¢ = 80 at lkHz at 363K.

The ¢€" behav.\our shows a broad relaxation (noticearly more fcr
Composite C) at "1kHz which is attributed toc og-relaxation of
polymer (PVDF) phase. For composites A and B, the ¢" valuec increas
significantly as the frequency is reduced and this may be attribute
to an ionic conductivity or electrode polarization effect. <Composit
C also shows such a behaviour as the frequency goes below 10 Kz,

The beha/iour of e" at 1kHz in the temperature range of 253-
378K is shown in figure 3.

The observed high temperature peak at "J63K is in agree-ent
with that in PVDF and it is associated with molecular motiens in the
crystalline region of the polymer’ with added contributicns frem the
ceramic phase. The increased dielectric less with increasing
temperature is usually ascribed to the ionic conductivity which 1is
present in both the polymer and the ceramic phases.

Thermally stimulated discharge current (TSDC} plots of the
three composites which were initially -oled at a field of 7x10% vm-~!
for "3 hours at 373K and cooled down to room temperature in presence
of this field, is shown in figure 4. The TSDC spectra of composites
A and B are similar and have higher values of thermally stimulated
currents than that of composite C.

The pyroelectric coefficient p may be expressed thus:

[ERFINN

p=1 [1pfar SENCL
a dt
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where I, is the reversible pyroelectric current and dT/qr is the rate
of rise in temperature in a TSDC run. This is the direct method of
determining pyroelectric coefficient. For our measurements Ip values
were identified from the third successive run of TSDC experiment thus
ensuring that the trapped space charges have been eliminated and that
IP is truly reversible. The heating rate in the present TSDC run is
1%c/min and a is the electrode area of the samples. Figure 5 shows
the behaviour of the pyroelectric coefficient p with temperature in
the range of 303K - 373K from which it may be observed that Ccmposite
A has the highest pyroelectric coefficient as compared with the other
two composites. It may alsc be noticed that p values of Compesite A
is greater than that of Composite B by approximately an order of
magnitude at 303K. It is suggested that the observed higher
dielectric losses (see figure 2) coupled with its lower elastic
stiffness in the polymer phase may be responsible for its smaller p-
values compared with that of Composite A which would be in agreement
with Galgoci et al?. Tamura et al® also have observed increased
piezoelectric coefficient with increasing elastic stiffness. The
pyroelectric figure of merit p/e¢',in Composite A (1.5 X 1076 c.n'zx'll
is_approximately 3.8 times greater than that of PZT (3.8 x 107 Com
K~1) at 343K,

Pyroelectric coefficient has also been neasured in this work by
a dynamic method in which p(T) may be obtained from the fecllowing
relationship?.

Ip(max) = Kp(T) L. (&)
o
(1-8)
where K= Foa 6 ... (5)
Pch

where Fo is the radiation power absorbed per unit area of the
electroded sample, a the electrode area, P the density c¢f the
material, Cp the specific heat, L the sample thickness, In(nax) the
peak pyroelectric current response to a stepwise radiatioh incident
on the sample, and © = rg/Tp where rp and v are the electrical and
thermal time constants of the system.

Ip(max) was measured at different temperatures using a stepwise
thermal® radiation from a tungsten filament lamp. The pyroelectric
coefficients p(I1) were calculated using the measured values of
Ipém&x) of the dynamic method and equations 4 and 5 for composite A
EY are also shown in Figure 5. 1t may be observed that the p(T)
values obtained by the direct method which is indeed the most
accurate method, are somewhat higher than those obtained by the
dynamic method, particularly at high temperatures. Further werk is
in progress in the study of electro-active properties of Composite A
which ‘appears to be the most attractive material of the three
Composites investigated in the present work. Table 1 provides a
summary of results obtained in this work.
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TABLE 1 - SUMMARY OF RESULTS

Pyrelectric Pyroelectric
€' €¢" Coefficient Figure of
o(n~lm~l) (70°C)  (709%C) p(T) Merit
(90°C) (1KHz)  (1kHz) (Canob:)'zrl) p/€' (70°¢C)
a

P27 3x10™° 1300 1.2 5x10™4 3.8x1077
BaTiO3 1079-10"8 1700 7v10~4 4.1x1077
PVDF 3x10-13 12 1.0 9.0x10"6 7.5x1077
Composite A

{PZT5/PVDF(A) ) 1.4x10710 95 6.0 1.4x10°4 1.5%10"6
S0:50

Composite B

{PZT8/PVDF (B) ] 1.3x10°10 96 6.5 3.3x1073 3.4x10~7
50:50

Composite C N
(BaTiO3/PVDF(B)) 3x10710 73 6.2 8.0x1076 1.1x1077
40:60
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1. Grades

2. Features

2-1

2-3

2-4

Flexibility

Excellent processability

Excellent piezoelectricity

Long service life

3. Properties

3-1 General properties

Piezel is available in the following two
grades.

Thickness Width Length
Product no. T (mm) W (mm) L (mm)
N25 0.25 200 200
L25 025 200 200

In addition to these two grades, the
following types can be specially
ordered.

P type (polarization treated)

E type (polarization treated, with

elecliodes)

Piezel possesses many excelient
features.
The main features are as follows.

Because Piezel uses fluoropotymers as
a matrix, it is both flexible and superior

Large-area sheets can be obtained,
and processing, such as cutting, etc.,

A high degree of piezoelectricity can be
achieved, and there is no piezoelectric
anisotropy.

Piezel displays aimost no piezoelectric
deterioration even after iong use.

All grades can also be specially ordered
with different dimensions.

in impact resistance to piezoelectric
ceramics.

is easily done. Moreover, Piezel alan
makes heat-processing possible.

item N25 L2
Speciic gravity 55~60 53~2¢
Etasticity E (N-m«10¢) 2~5 3~86
Tensile strength TS (kgf cm?) 150 ~ 200 150 ~ 200
Volume resistivity @v (2-cm) 1077 107+
Drelectric constant ¢ (at 1 kH2) 100 ~ 120 120~ 180
Breakdown veltage BDV (Mv/m) 8 8
Piezoelectric constant da (C/N~10-'%) 15~25 20 ~ 30
' ex (C/m2.10-7) 05~1 1~5
Qs (VM/N.10-7) 15~25 183~ 2%
ka1 (%) 45~55 55 ~€5
daa (C/NI0-D 40 ~ 60 30 ~ 40
ey (C/m?.10-) 1~2 1~25
g3 (VM/N.10-7) 40 - 60 20 ~ 30
k3x (%) 7~12 5~8

Note: Condition shownin 5-2. Measured at 25°C (77°F)
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3-2 Temperature Figures 1, 2, and 3 show the between modulus of elasticity (E) and
characteristics relationship between piezoelectric temperature; between dielectric
constant (ds,) and temperature: constant (¢) and temperature.

Figure 1 Piezoelectric Constant vs. Temperature Figure 3 Dielectric Constant vs. Temperature
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